Article (refereed) -postprint Ragab, Ragab. 2015 The model provides academics, professionals and extension services with a management tool for crops, soil, water and nitrogen fertilizers. This paper describes the processes, the equations of the model and summarises the different applications and results obtained. This paper will be followed by a number of detailed papers dedicated to the model application and the impact of different field management strategies on food production.
Introduction
If the prediction that the world population would increase by a third by 2050 were correct, food production would need to be doubled to feed the population. Do we have enough natural resources, i.e.
water, land and nutrients, to produce enough food to feed 9 billion by 2050? Agriculture would have to use the natural resources more efficiently, which means produce more crop per drop and more crop per unit area. Testing a variety of management strategies to maximize food production with minimal input is commonly done by conducting field experiments. Such trials are costly and require a long time to produce consistent and reliable results. An alternative approach would be to use models, as these can be run with "what if "scenarios depicting different field management strategies without the need to run a large number of field trials. Running reliable tested models is less costly than doing field experiments and results could be produced in minutes or hours.
The main resources limiting food production are fertile land, mined fertilizers (phosphorus and potassium) and water. At present, agricultural water use accounts for about 70% of the world's fresh water use and this percentage is bound to increase if the growing food demand is to be met. In some parts of the world this has already lead to significant overexploitation of conventional water resources and the use of alternative water resources. Even in humid regions, drought events have increased in frequency and the rainfed agriculture regularly has to be supported by supplemental irrigation. The use of non-conventional water resources (e.g. reused agricultural drainage water, treated waste water, brackish groundwater, seawater) requires a great deal of care in order to avoid harming the environment or causing soil degradation (Hamdy et al., 2003; Malash et al., 2005 Malash et al., , 2008 and 2011; Huibers et al., 2005 , Plauborg et al., 2010 , Choukr-Allah , 2012 , Pulvanto et al., 2013 . In addition deficit irrigation, where the plant is subjected to mild stress in the later, less sensitive, growth stages is being adopted (Hirich et al., 2012 (Hirich et al., , 2013 Silva et al., 2012) . Water previously classified as too saline for conventional agriculture is now being used in irrigation (Rhoades et al., 1992) . Pulvento et al. (2013) showed that, under an appropriate management system, saline water can be used to irrigate quinoa and amaranth. As salt and water movements are intimately tied, salinity management is dependent on irrigation water management. With the increased use of poor quality water for irrigation an integrated approach is required to minimise drainage disposal problems and optimise the combined use of multiple water sources. As the effect of the use of poor quality water on soil salinity and crop yield only becomes clear after a prolonged period of time, short term experiments are not suitable for studying its long term impact and the use of models can be attractive. Models can also help in irrigation scheduling, estimation of crop water requirements, prediction of soil moisture deficit, soil salinity, soil nutrient status, dry matter production and crop yield.
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The SALTMED model (Ragab, 2002 (Ragab, , 2010 was developed to predict final yield, dry matter, soil moisture and soil salinity profiles, plant water and nitrogen uptake, soil nitrogen transformation and content, drainage flow and evapotranspiration. The model can be used for rainfed and irrigated agriculture, as well as for different irrigation systems and irrigation strategies, it accounts for the presence of drainage systems and shallow groundwater. Moreover, the model can handle different crops, soil types and N-fertilizer applications. SALTMED is a physically based model, user friendly (Windows TM environment) and, together with the user guide and related documents, is freely downloadable from the International Commission on Irrigation and Drainage, ICID web site at:
http://www.icid.org/res_tools.html
SALTMED model's main processes
The first version of SALTMED (Ragab, 2002) has been updated to include more processes, which will here be described briefly.
Evapotranspiration
Evapotranspiration has been calculated using the Penman-Monteith equation according to the modified version of FAO (Allen et al., 1998) :
ET o is the reference evapotranspiration, (mm day The r s can be measured, estimated from environmental and meteorological parameters (Jarvis, 1967; Körner, 1994 Körner, & 1995 or calculated from the leaf water potential and Absicic Acid , ABA (Tardieu et al., 1993 
Plant Water Uptake in Presence of Saline Water
Actual Water Uptake Rate SALTMED uses the formula suggested by Cardon and Letey (1992) , which determines the water uptake S (mm day -1 ) as:
S max (t) is the maximum potential root water uptake at the time t; z is the vertical depth, (z,t) is the depth-and time-dependent fraction of total root mass, L is the maximum rooting depth,,  is the osmotic pressure head; h is the matric pressure head,  50 (t) is the time-dependent value of the osmotic pressure at which S max (t) is reduced by 50%, and a(t) is a weighing coefficient that accounts for the differential response of a crop to matric and solute pressure. The coefficient a(t) equals  50 (t)/h 50 (t) where h 50 (t) is the matric pressure at which S max (t) is reduced by 50%.
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The potential water uptake S max (t) is calculated as:
The values of h 50 and π 50 are obtainable from measurements or from literature (FAO-48 (Rhoades et al., 1992) .
Rooting Depth
The rooting depth was assumed to follow the same path of the crop coefficient K c and therefore was described by the following equation:
Root depth (t) = [Root depth min + (Root depth max -Root depth min )] * K c (t)
The maximum root depth is obtainable from direct measurements or from literature.
Rooting Width
For the lateral extent of the rooting systems over time, the following equation was used:
Root width (t) = [Root width / Root depth] ratio * root depth (t)
The [Root width/Root depth] ratio is dependent on the crop and the soil type and can be experimentally determined or obtained from literature.
Relative and Actual Crop Yield
The Relative Crop Yield (RY) is estimated as the sum of the actual water uptake over the season divided by the sum of the maximum water uptake, i.e. the water uptake under no water and salinity stress, as:
where x and z are the horizontal and vertical coordinates, respectively, of each grid cell that contain roots.
The Actual Yield (AY) based on RY is calculated as:
where Y max is the maximum yield recorded in a given region under stress-free optimum conditions.
Actual yield based on crop growth and biomass production
The AY can also be obtained by calculating the daily biomass production and the harvest index (Eckersten and Jansson, 1991) . ). Rs is an input and daily LAI is simulated.
1-Increase in Biomass
In SALTMED model the Assimilation rate"A" per unit area = E* I* [stress factors related to temperature, transpiration and Leaf Nitrogen content].
Water and Solute Flow
The soil water flow was simulated using Richard's equation; based on two physical principles: Darcy's law and mass continuity. Darcy's law states:
q is the water flux, K(h) is the hydraulic conductivity as a function of soil water pressure head, Z is the vertical coordinate directed downwards and H is the hydraulic head which is the sum of the gravity head, Z, and the pressure head, ψ, as:
The vertical flow of water in the root zone can be described by a Richard's type equation as:
 is volumetric soil moisture; t is the time; z is the depth; K() is the hydraulic conductivity (a function of soil moisture);  is the matrix suction head; and S w represents extraction by plant roots.
Although the velocity and direction of solute movement in soils depends on the path of water movement, it is also affected by diffusion and hydrodynamic dispersion. If the latter effects are considered negligible, solute flow by convection can be described as (Hillel, 1977) :
q is the water flux density of the water; J c is the solute flux density; c the concentration of solute in the flowing water and v is the average velocity of the flow.
The solute diffusion rate in bulk water (J d ) is related to the concentration gradient (Fick's law):
where D 0 is the diffusion coefficient. The diffusion coefficient (D s ) in soil is reduced as the liquid phase only occupies a fraction of soil volume and the path has a tortuous nature. D s can therefore be expressed as follows:
 is the tortuosity, an empirical factor less than unity expected to decrease with decreasing  (Šimůnek and Suarez, 1994) . As the convection flux also causes hydrodynamic dispersion, a sharp boundary between two miscible solutions becomes increasingly diffuse at the mean position of the front. In this case, there is a linear relation between the diffusion coefficient and the average flow velocity v (Bresler, 1975) :
 is an empirical coefficient.
The overall solute flux can be obtained by combining the convection, diffusion and dispersion as:
Taking the continuity equation into consideration, one-dimensional transient movement of a noninteracting solute in soil can be expressed as:
c is the solute concentration in the soil solution, q is the convective solute flux, D a is a combined diffusion and dispersion coefficient and S s is a sink term represents solute root adsorption/uptake.
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The two-dimensional flow of water in the soil can be described according to Bresler (1975) as:
where x is the horizontal co-ordinate; z is the vertical-ordinate (considered to be positive downward); K () is the hydraulic conductivity of the soil.
When the principal axes of dispersion are oriented parallel and perpendicular to the mean direction of flow, the hydrodynamic dispersion coefficient D ij can be calculated as:
 L is the longitudinal dispersivity of the soil;  T is the transversal dispersivity;  ij is Kronecker delta ; while for drip irrigation, where the drippers are spaced far enough apart so that overlap of the wetting fronts of the adjacent drippers does not take place, "cylindrical flow" equations obtained by replacing x by the radius "r" and rearranging Eqs 21 and 23 as described by Bresler (1975) and Fletcher Armstrong and Wilson (1983) are used. In the SALTMED model the water and solute flow equations are solved numerically using a finite difference explicit scheme (Ragab et al., 1984) .
Soil Hydraulic Parameters
The "soil water content -water potential" and the "soil water potential -hydraulic conductivity"
relationships that are required to solve the water and solute transport equations were taken from van Genuchten (1980) .
K(h) = Ks Kr (h) = Ks Se
Where θ r and θ s are the residual and the saturated moisture contents, respectively; K s and K r are saturated and relative hydraulic conductivity respectively, α and n are shape parameters, m = 1 -1/n and S e is effective saturation or normalized volumetric soil water content. α, n and λ are empirical parameters.
Equations 24 & 25 were re-arranged to obtain and the soil water potential and hydraulic conductivity as:
h ( 
SALTMED Model data base has values of θ r , θ s , λ, K s , water content at field capacity and wilting point, bubbling pressure and n and m (as n = λ + 1 and m = λ / n ) for several soil types (for users in absence of measurements). The model could also use measured tabulated pair values of both "soil moisture-soil water potential" and "soil moisture -hydraulic conductivity".
Drainage
SALTMED offers free drainage at the bottom of the root zone, open or tile subsurface drainage systems, and shallow groundwater with no drainage system. The drainage flow equation (Wesseling, 1973) , is based on Hooghoudt's drainage equation (Hooghoudt, 1940 (Wesseling, 1973) . Equations 30 and 32 were given by Hooghoudt (1940) .
In case of open drains instead of buried pipes, the above equations can be applied using equivalent radius calculated as R=W/π, where W is the wetted perimeter of the ditch. Further, the equations can be used for drainage with a falling water table (Oosterbaan 1993; Oosterbaan et al., 1989) if the coefficient 8 is changed into 6.4. W=B+2h for rectangular,
√1
for trapezoidal and 2 √1
for V shaped ditch. B is bottom breadth, h is height of water and Z is the horizontal distance at which the water height drops by a single unit (side slope), Z= 0.25 for rock, 0.5 for hard compact pan, 1.25 for gravel, 1.5 for loam, 2 for loose sandy loam, 2.5 for wet sand, 3 for light sand and wet clay (see details at http://www.ca.uky.edu/wkrec/openchannelflow.pdf ).
Calculating Soil Temperature from Air Temperature
The temperature of the top soil (ploughing layer) strongly affects the microbiological activity in this layer and thus the decomposition of organic matter. Based on the work of Zheng et al. (1993) and Kang et al. (2000) , SALTMED considers that the temperature of the top soil is strongly affected by the temperature of the air. The relation is described as:
For A j > Tj-1 (z):
For A j ≤ Tj-1 (z):
Where A j is average air temperature at day "j ", in °C, and is calculated from Tmin and Tmax, T j-1 (z)
is the soil temperature at day " j-1 " previous day at depth "z " below soil surface, in °C and T j (z) is the soil temperature at day "j "and depth "z "below soil surface, in °C. Exp [-z ((π / (ks * p)) 0.5 ] is a damping ratio, k s is the thermal diffusivity as a function of soil water, air and mineral content, m
Soil Nitrogen Dynamics and Nitrogen Uptake
The nitrogen dynamics considered in the SALTMED are based on the SOIL N Model (Johnsson et al., 1987) . Figure 2 shows the processes implemented in SALTMED: mineralization, immobilization, nitrification, denitrification, leaching and plant nitrogen uptake.
It was assumed that nitrogen could enter the system through dry and wet deposition, incorporation of crop residues, application of manure and chemical fertiliser and applied with the irrigation water (fertigation).
Mineralisation of humus, N h (z), is calculated as a first-order rate process:
where k h is the specific mineralization constant and e t (z) and e m (z) are response functions for soil temperature and moisture, respectively. . The relative amounts of decomposition products formed are governed by a synthesis efficiency constant (ƒ e ) and a humification factor (ƒ h ): ; ƒ e and r o , the C-N ratio of microorganisms and of humified products, respectively (dimensionless).
The transfer rate of ammonium to nitrate depends on the potential rate (k n ), which is reduced as the nitrate-ammonium ratio (η q ) is approached: , and η q , e t and e m are dimensionless.
where T(z) is the soil temperature of the layer, t o is the base temperature at which e t (z) equals 1 and Q 10 is the factor change in rate with a 10-degree change in temperature. 
Model Application
SALTMED's database contains a large number of soils parameters, crop parameters and nitrogen parameters, which could be used in absence of measurements. 
Examples of model runs

Modelling and field studies
The following is a summary of results obtained using SALTMED model within the SWUP-MED project, full papers on these examples are expected to follow this paper in the Journal of Irrigation and Drainage.
Use of saline water for irrigation
SALTMED model was applied on field experiment using saline water for irrigation of quinoa in Italy 
Use of deficit irrigation
In Agadir, Morocco, quinoa and sweet corn (C3 crops) and chickpea (C4 crop), were subjected to different water stresses at different growth stages. Results showed that the yield was not affected when the water stress took place during the vegetative growth stage. The study also showed the ability of the SALTMED model to account for the differences in photosynthesis efficiency between C3 and C4 crops.
A deficit irrigation experiment in Marrakech, Morocco, showed that there was only 15% yield reduction when quinoa received 50% of its total water requirement. A study in Agadir, Morocco on five accessions of quinoa, using deficit irrigation, indicated some variations among the accessions with a reduction in yield varying from 9% to 49% when applying 50% of the crop water requirement.
A comparative study conducted in Portugal on five varieties chickpea grown during a wet year and a dry year with supplementary irrigation showed that the 'wet year' yields were lower than the 'dry year' yields, although the total amounts of water the crop received from rain + irrigation were comparable. This highlights the importance of irrigation timing; the unpredictable rainfall might not be used efficiently by the plant if it falls in large amounts or at the wrong time.
Use of treated wastewater, organic manure and deficit irrigation
The model was used to simulate sweet corn growth and yield in Morocco when using waste water, deficit irrigation strategy at different growth stages and organic matter amendment. The results indicated that flowering and grain filling stages were the most sensitive to deficit irrigation, while the vegetative growth stage was the most tolerant. The yield response to water stress levels equal to 75%, 50%, 25% and 0% of the full irrigation amount, applied during vegetative growth stage showed that applying 25% of full irrigation requirement had not significantly affected sweet corn yield. This means that 75% water saving during the vegetative growth, representing 20% saving of total seasonal water requirement can be achieved without significant reduction in the yield. The results also indicated that organic amendment of 10 t ha -1 and 5 t ha -1 increased sweet corn yield by 15 and 1%, respectively, under full irrigation conditions; and by 10 and 4%, respectively, under deficit irrigation applying 50% of the full irrigation requirement.
Crop rotation
Crop rotations of quinoa, sweet corn and three legume crops were investigated in Morocco. Quinoa and sweet corn yields were higher when they were sown after fallow, while chickpea as previous crop to quinoa had a better impact on quinoa yield than faba bean.
Possible impact of future climate change scenarios
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Two studies were carried out using SALTMED's facility to allow crops to grow according to the number of heat units or degree days, which is of particular interest for climate change impact studies.
In Morocco, the simulations were carried out using sweet corn. For the crop growth model, the degree days option was adopted. The SALTMED model was run with 6 periods corresponding to 2015, 2020, 2030, 2050, 2075 
